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INTRODUCTION

Introduction
The calculation and analysis of absorption and emission spectra of molecules from first principles is a fundamental problem of modern physical chemistry, with a widespread range of applications, extending from the understanding of the basic aspects of light-matter interaction to the development of organic dyes with tailored spectroscopic properties. 1, 2 Fast growing research fields such as organic LED technology 3 and dye-sensitized solar cells (DSSC), 4 would strongly benefit from the application of robust and easy-to-use methodologies for the simulation of spectral lineshapes of organic dyes. The research in this field is quickly growing [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] (see also Borrelli et al. 22 for a recent review) but standardize procedures have not yet been established, and specific computational strategies must be carefully designed and require validation and testing on several class of molecules. [23] [24] [25] [26] In this paper we apply state of the art tools of computational spectroscopy to simulate the absorption and emission lineshapes of squaraine dyes in solution.
The squaraine class of molecules is well known for its spectroscopic characteristic. The photochemical and photophysical properties of these dyes have been studied extensively [27] [28] [29] [30] [31] because of their many technological applications in copiers and laser printers, [32] [33] [34] organic optical disks 35 and organic solar cells [36] [37] [38] [39] [40] [41] [42] . The general structure of symmetric squaraines can be described as a D-A-D system, where D is an electron donor and A is the C 4 O 2 squaric ring, which plays an electron acceptor role. They are characterized by a very strong absorption due to a valence ππ * excitation in the long wavelength region. In most cases a high energy transition with much lower intensity is also detected but its origin has not been deeply investigated.
Among others, indole-based squaraines have been extensively studied in the last few years mainly because of their very high photostability that makes them perfect candidates for several applications, for example in DSSC, 39, [43] [44] [45] , protein labeling, and as photosensitizers. 46, 47 Retting and Gude 48 have shown that indole-based squaraines can undergo a quite complex photoisomerization process upon excitation into the S 1 (ππ * ) state, which would explain the observed temperature dependence of fluorescence spectra and yield. Quite recently a detailed experimental study of both photoisomerization and ground state isomerization processes in several indole squaraines has been proposed by de Miguel et . al strongly deepening the understanding of the 2 complex photodynamics of such molecules. 49, 50 Dirk et al. 31 have investigated the non-linear optical properties of a simple bis(indole)-squaraine (ISQ) interpreting the absorption spectrum as a result of the superposition of the absorption profiles of two conformational isomers. In their work, however, the contribution of the vibrational transitions to the absorption lineshape is completely neglected.
The investigation reported in this paper encompasses both a theoretical and an experimental study of the spectroscopy of ISQ. We present an in-depth theoretical analysis of the excited electronic states of bis(indole)-squaraine, and compute the lineshape associated with S 1 (ππ * ) ← S 0 electronic transition using the generating function (GF) formalism. A targeted direct calculation of a few Franck-Condon integrals for the correct assignment of the vibronic bands is also performed. With this approach we have been able to identify the vibrational modes which are responsible for the vibronic structure of the absorption spectrum.
The experimental investigation comprises both the synthesis of ISQ based on a newly developed procedure 51 as well as its characterization by means of absorption and emission spectroscopies.
Experimental Section
Synthesis and characterization
All solvents and reagents were purchased from commercial sources and used as received without further purification, unless otherwise stated. Biotage MW synthesizer (Model: Initiator EXP EU 355301) was used for microwave syntheses. TLC were performed on silica gel 60 F254 plates using dichloromethane (DCM) and methanol (90:10) as eluents. ESI-MS spectra (positive ions) were recorded using a LCQ Deca XP plus spectrometer (Thermo), with electrospray interface and ion trap as mass analyzer. The flow injection effluent was delivered into the ion source using nitrogen as sheath and auxiliary gas. 1H and 13C NMR spectra were recorded on a Brucker Avance 200 or on a Jeol EX-400 and calibrated to the residual solvent peak. For all spectroscopic measurements, spectroscopic grade solvents were used. UV/Vis/NIR spectra were recorded on Shimadzu PharmaSpec UV-1700 and fluorescence spectra were recorded with a Perkin-Elmer LS55. Absorption spectra were collected using tetrahydrofurane (THF), as sol- 
Experimental results
NMR spectra put in evidence the existence of two isomers with quite similar population at room temperatures (see infra), confirming the results already reported by Dirk et al.. 31 The measured absorption and emission profiles of ISQ in THF are reported in figure 1.
The absorption spectrum shows a very intense band between 550 and 700 nm, with two main components, the most intense peaked at 659 nm and a shoulder around 615 nm. A third quite flat shoulder at around 566 nm can be revealed after fitting the spectrum with a linear combination of Gaussian profiles. The three components have an average spacing of 1200-1400 cm −1 which seems to indicate that they are associated to a vibronic progression. At higher energy the spectrum becomes more complex to analyze since there is no clear-cut separation between different electronic transitions. At least two components can be identified peaked around 280 nm and 360 nm, though a non-negligible absorption is also evident around 420 nm. See infra for a detailed discussion and assignment of the electronic transitions. 4 
THEORETICAL METHODOLOGY
The fluorescence spectrum is similar to those already reported for similar systems. 48 The Stoke shift is quite small as already reported for many squaraines. We notice that the fairly intense shoulder which appears in the absorption profile is less pronounced in the emission spectrum. Possible causes of this asymmetry will be discussed later. In table 1 the molar extinction coefficient, the absorption and emission maxima and their theoretical (see infra) estimate are reported.
3 Theoretical Methodology
Theory of lineshapes
Absorption and emission molecular lineshapes can be computed using the so-called generatingfunction (GF) theory. 52 Details on the derivation and implementation of the GF formalism can be found elsewhere, 53 here we summarize the main results. The lineshape of a radiative transition from a manifold of thermally populated vibronic states v g ⟩ to a manifold of excited vibronic states v e ⟩ is:
where E(v g ) and E(v e ) are the energies of the vibrational states in the initial and final electronic state, g ⟩ and e ⟩ , ∆E eg is the electronic energy difference, µ ge α is the α-th component of the electric transition dipole moment, and β = 1/kT , with k the Boltzmann constant. Alternative formulations have also been provided by other authors, see for example [54] [55] [56] .
Following the seminal works of Lax 57 and Kubo, 52 the spectral distribution I(ω, T ) can be conveniently rewritten as:
where
and 
; T e =Jω e tanh(iτω e /2)J (5)
Here the Duschinsky matrix J and the displacement vector K are define through the affine transformation between the normal modes of the ground (Q g ) and of the excited state (Q e )
The GF formulation is very efficient for numerical treatments because the calculation of I(ω, T ) can be recast into a discrete Fourier transform problem. This approach has been recently applied to the simulation of spectral lineshapes of large molecules 58 as well as to the determination of electron-transfer rates with positive results. 18, 19, 53 
Computational details
The ground state equilibrium geometry and the normal modes of vibration of the indole squaraine have been computed using density functional theory (DFT), employing the hybrid PBE0 func- DFT and TD-DFT calculations have been performed using the Gaussian09 software package. 60 The excited state Hessian is obtained by numerical differentiation of the gradients with a step of 0.05Å.
ELECTRONIC SPECTRUM OF ISQ
The Duschinsky matrix J and the displacement vector K have been computed using the internal coordinate representation of normal modes. 5, 7, 9, 53, [61] [62] [63] The generating function technique has been implemented in the MolFC software 64 . The assignment of the vibronic peaks to a specific transition is performed by first computing the entire lineshape, then searching for vibronic states in the selected energy range, and computing the associated FC integrals.
Electronic spectrum of ISQ
ISQ can exist in several isomeric forms as sketched in figure 2 . The relative stability of the isomers has been determined using DFT/PCM calculations and is reported in figure 2 in kcal/mol.
The isomer labeled as ISQ6 is the most stable and is almost isoenergetic with ISQ4. All the other isomers have a much higher energy and their Boltzmann populations at room temperature can be safely neglected. The results are in qualitative agreement with previous data reported by Dirk et al. who found ISQ4 to be slightly more stable than ISQ6. 31 The energy differences between the isomers are very likely due to the different number of intramolecular hydrogen
bonds. It appears thus reasonable to assume that in a non-protic solvent the squarain can exist as a mixture of the species ISQ4 and ISQ6 with very similar Boltzmann populations. Following the above conclusions the absorption and emission lineshapes can be described as a combination of the electronic spectra of the two isomers.
The ground state equilibrium geometries of the ISQ6 and ISQ4 isomers computed at DFT level are predicted to belong to the C 2h and C 2v symmetry point groups respectively, with the two heteroaromatics and the squaric ring coplanar. Therefore, in ISQ6 only vertical transitions to electronic states belonging to the A u and B u representations are allowed, the ground state being totally symmetric, while in ISQ4 transitions to A 1 , B 1 and B 2 states are allowed. Table   2 shows the allowed vertical excitations computed at TD-DFT level up to 260 nm for both isomers, while figure 3 shows the position and the relative intensity (in THF) of the transitions together with the experimental absorption.
The computed lowest energy transitions of ISQ4 and ISQ6 in THF fall at 566 nm and 564 nm respectively, and can be associated with the experimentally observed absorption between 550 nm and 700 nm. The computed excitation energies of the two isomers to the first excited 4.1 Franck-Condon profile of the S 1 ← S 0 transition4 ELECTRONIC SPECTRUM OF ISQ singlet differ by only 0.01 eV, and in both cases the state is described by a HOMO-LUMO (ππ * ) excitation. The molecular orbitals which characterize the transition are shown in figure   4 . We notice that the aromatic rings do not contribute significantly to these two orbitals which are mainly localized on the C 4 O 2 ring and on the polymethine-like chain.
For both isomers the computed allowed transitions at higher energies are predicted to be of much lower intensity. The number of electronic transitions in the ISQ4 isomer is higher than that of ISQ6, and this is clearly due to the different symmetry of the two systems. The Equilibrium geometry computations at TD-DFT level predict that in the first excited singlet the isomers ISQ6 and ISQ4 have C 2h and C 2v symmetry respectively thus maintaining the symmetry of the ground state.
The structural changes that follow the electronic excitations, which are at the origin of the observed vibronic progressions, are quite small. Indeed, excitation from S 0 to S 1 induces a variation in the bond length alternation of the polymethine-like chain, in strict analogy with what happens in cyanines. 65 The largest change in bond length is about 0.017Å in THF and 0.015Å in vacuo. The largest variation of bending coordinate is only 1.6 degrees in THF See infra for the importance of Duschinsky effects in the overall appearance of the spectrum.
The computed absorption spectra of ISQ6 and ISQ4 at room temperature are shown in figures 5 and 6. All spectra are obtained by convoluting the result of the generating function calculation with a Gaussian lineshape function having a full width at half maximum of 300 cm −1 . This is a typical value used for line broadening in condensed phase. 66 To better understand the origin of the spectral shape the main vibronic peaks of the 0 K spectrum are also shown. All the stick spectra refer to the isolated isomer without bulk solvent effects.
The absorption spectrum of isolated ISQ6 show a fairly intense band close to the origin, The intensities of both spectra have been scaled to match the maximum intensity of the observed lineshape.
From a quick comparison with the experimental data it is evident that DFT calculations provide a fairly good description of the overall absorption lineshape. Indeed, both the main absorption band as well as the small side band originating from fundamental vibronic transitions are correctly reproduced in relative position, width and intensity.
The simulation of the fluorescence spectrum is not yet completely satisfactory. Indeed, the main band with higher intensity is reasonably reproduced, however the relative intensity of the computed vibronic shoulder around 740 nm is clearly much higher than the experimental counterpart. Furthermore, the experimental spectrum falls off more rapidly at longer wavelengths.
Several factors can contribute to such a discrepancy. Apart from unavoidable accuracy problems in the computational methodology our model does not take into account the effects of the excited state photoisomerization on the electronic spectrum. 48, 69 It is thus not surprising that our model, though considering most of the vibrational motion coupled to the electronic transition, cannot quantitatively describe the electron spectroscopy of ISQ.
Conclusions
The Unlike the absorption, the emission spectrum is only qualitatively reproduced. Apart from factors related to the computational accuracy, the shape of the measured fluorescence spectrum can be strongly influenced by the non-radiative decay induced by the photoisomerization in the S 1 state. 48, 49 In such cases a quantitative agreement can only be obtained by using a more sophisticated model including the non-adiabatic coupling between the two electronic states. 5, 70 The assignment of the electronic transitions in the high energy region of the absorption spectrum poses several problems. According to TD-DFT results a significant number of transitions fall in that spectral region though only a few of them have a significant oscillator strength.
In particular, we have identified 5 electronic states, 3 belonging to ISQ4 and 2 to ISQ6, that have a strong absorption from 450 nm to 250 nm. Work is in progress to perform higher level calculations to support and validate TD-DFT results.
Finally we notice that DFT/TD-DFT methods provide quite a reliable description of the ground and excited state geometry and vibrations of this class of molecules, and the inclusion of bulk solvent effects using PCM has only a marginal impact on the computed lineshape of the S 1 ← S 0 transition.
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